Epidemiologic studies have reported a consistent increased risk for cardiac morbidity and mortality associated with acute exposure to ambient particulate matter (PM) (Brook et al. 2004) . The impact of ambient PM on arterial blood pressure may be an important factor in the observed adverse cardiovascular health effects. Several epidemiologic studies have reported associations between short-term fluctuations in ambient PM levels and arterial blood pressure. However, the direction of the observed changes has been inconsistent with studies reporting increases (Auchincloss et al. 2008; Ibald-Mulli et al. 2001; Linn et al. 1999; Urch et al. 2005; Zanobetti et al. 2004) , decreases (Harrabi et al. 2006; Ibald-Mulli et al. 2004) , or no associations (de Paula Santos et al. 2005; Jansen et al. 2005; Madsen and Nafstad 2006; Mar et al. 2005 ). The few animal toxicologic studies published to date have reported similarly discordant results and suggest that exposure to particles may either decrease (Cheng et al. 2003) or increase (Chang et al. 2004 ) blood pressure.
To investigate the effects of ambient PM on arterial blood pressure, we implanted telemetry blood pressure catheters and monitored femoral arterial blood pressure in canines during a 5-hr inhalation exposure to either concentrated ambient particles (CAPs) or filtered air (FA). To elucidate mechanisms involved in arterial blood pressure changes after inhalation of CAPs and the potential involvement of peripheral vasoconstriction in observed increases in arterial blood pressure, we determined baroreceptor reflex sensitivity before and after exposure to CAPs or FA and performed additional experiments with α-adrenergic blockade. The physiologic response mechanisms associated with exposure to ambient PM that we explored in this study have the potential to provide new insight into the acute health effects of inhaled ambient PM and to suggest explanations for the contradictory findings in previous studies.
Materials and Methods
Surgical preparation. We treated animals humanely and with regard for alleviation of suffering using protocols approved by the Harvard Medical Area Standing Committee on Animals. Thirteen female mixed-breed dogs obtained from either Butler Farms (Clyde, NY, USA) or Marshall Laboratories (North Rose, NY, USA), 2-12 years of age (11 animals ~ 2-3 years of age, 2 animals ~ 12 years of age) and weighing an average of 15.7 kg (range, 13.6-18.2 kg) were used for this study.
We performed all surgeries aseptically while animals were maintained under a surgical level of anesthesia. Animals were pre anesthetized using ketamine (10 mg/kg bolus), xylazine (1.5 mg/kg bolus), and atropine (0.04 mg/kg bolus). An endo tracheal tube was inserted to initiate mechani cal ventilation with 1-3% isoflurane and pure oxygen for anesthesia. Telemeter units (D70-CCTP; Data Sciences International, St. Paul, MN, USA) were implanted in the left flank. The blood pressure catheter was tunneled subcutaneously to the inguinal region and implanted 4-6 cm, oriented upstream in the femoral artery using a technique similar to our previously described method (Bartoli et al. 2006 ). We created a permanent tracheostomy to facilitate exposure, as previously described (Bartoli et al. 2008; Godleski et al. 2000) . Breathing via tracheostomy has minimal effects on airway mechanics (Drazen et al. 1982) . After surgery, animals recovered for a minimum of 3 weeks. Animals were acclimatized to the laboratory, exposure chamber, and all aspects of the experimental protocol before beginning experimentation.
After sacrifice and histopathologic examination, it was determined that during the course of the protocol, one animal developed an approximately 1 cm × 1 cm anterior left ventricle myocardial infarction.
Background: Epidemiologic studies suggest a positive association between fine particulate matter and arterial blood pressure, but the results have been inconsistent. oBjectives: We investigated the effect of ambient particles on systemic hemodynamics during a 5-hr exposure to concentrated ambient air particles (CAPs) or filtered air (FA) in conscious canines. Methods: Thirteen dogs were repeatedly exposed via permanent tracheostomy to CAPs (358.1 ± 306.7 µg/m 3 , mean ± SD) or FA in a crossover protocol (55 CAPs days, 63 FA days). Femoral artery blood pressure was monitored continuously via implanted telemetry devices. We measured baroreceptor reflex sensitivity before and after exposure in a subset of these experiments (n = 10 dogs, 19 CAPs days, 20 FA days). In additional experiments, we administered α-adrenergic blockade before exposure (n = 8 dogs, 16 CAPs days, 15 FA days). Blood pressure, heart rate, rate-pressure product, and baroreceptor reflex sensitivity responses were compared using linear mixed-effects models. results: CAPs exposure increased systolic blood pressure (2.7 ± 1.0 mmHg, p = 0.006), diastolic blood pressure (4.1 ± 0.8 mmHg; p < 0.001), mean arterial pressure (3.7 ± 0.8 mmHg; p < 0.001), heart rate (1.6 ± 0.5 bpm; p < 0.001), and rate-pressure product (539 ± 110 bpm × mmHg; p < 0.001), and decreased pulse pressure (-1.7 ± 0.7 mmHg, p = 0.02). These changes were accompanied by a 20 ± 6 msec/mmHg (p = 0.005) increase in baroreceptor reflex sensitivity after CAPs versus FA. After α-adrenergic blockade, responses to CAPs and FA no longer differed significantly. conclusions: Controlled exposure to ambient particles elevates arterial blood pressure. Increased peripheral vascular resistance may mediate these changes, whereas increased baroreceptor reflex sensitivity may compensate for particle-induced alterations in blood pressure. (Godleski et al. 2000; Sioutas et al. 1995) . The HAPC concentrates ambient fine PM with an aerodynamic diameter between 0.15 and 2.5 µm to approximately 30 times ambient levels with minimal effects on the particle size distribution or chemical composition. Particles with diameters > 2.5 µm are removed upstream of the HAPC, and particles with diameters < 0.15 µm and ambient gases are neither enriched nor excluded. We mounted the ambient outdoor intake of the HAPC through the window of the exposure laboratory located on the first floor and positioned it approximately 1 m from the building and 100 m from the nearest roadway.
Exposures typically took place between 0800 hours and 1430 hours each day. We meas ured CAPs mass concentration continuously using a tapered-element oscillating microbalance (TEOM Series 1400a; Rupprecht & Patashnick Co., Inc., East Greenbush, NY, USA), black carbon concentration by optical transmission (aethalometer model AE-9; Magee Scientific, Berkeley, CA, USA), and CAPs particle number concentration using a condensation particle counter (CPC model 3022A; TSI, Inc., Shoreview, MN, USA), as previously described (Godleski et al. 2000) .
Experimental design and data acquisition. To evaluate the acute effects of ambient PM on arterial blood pressure, animals were repeatedly exposed for 5 hr to either CAPs or FA in pairs in a crossover protocol. Within each pair, one subject was assigned to CAPs exposure and the other was assigned to FA exposure. We separated exposure days by a week or more, during which no exposures took place. Blood pressure data were available from 13 animals exposed to FA on 63 days and CAPs on 55 days (Table 1) .
Baroreceptor reflex sensitivity was assessed in 10 of these dogs during 20 exposures to FA and 19 exposures to CAPs. We assessed baroreceptor reflex sensitivity within 20 min before the start of exposure and within 20 min after the end of exposure using the method of Smyth et al. (1969) . Briefly, the sensitivity of the baroreceptor reflex to transient hypertension was assessed by determining the slope of the regression line relating the prolongation of the R-R interval to the rise in systolic arterial pressure during a transient elevation of arterial pressure induced by an intravenous injection of phenylephrine (10 µg/kg).
We conducted additional experiments with prazosin, an α-adrenergic antagonist, in 8 of the original 13 animals (n = 15 FA exposures, 16 CAPs exposures). In these experiments, oral prazosin (0.065 mg/kg) was administered 30-60 min before exposure to induce α-adrenergic blockade during exposures. Immediately after each exposure, phenylephrine (10 µg/kg) was injected intravenously to verify continued α-adrenergic blockade. Use of dogs in a particular study was based on availability and operative hardware.
Continuous arterial blood pressure was monitored and recorded throughout exposures (DSI Dataquest ART 3.1; Data Sciences International). We derived systolic, diastolic, mean, and pulse arterial pressures and heart rate from the arterial blood pressure signal. Ratepressure product, a standard index of myocardial metabolic demand, was calculated as the product of heart rate and systolic blood pressure (Rooke and Feigl 1982) . Data were exported and analyzed with custom-designed Matlab 98.0 ± 13.7 98.4 ± 11.6 0.4 1.6 ± 0.5 < 0.001 Rate-pressure product (bpm × mmHg) 13,426 ± 2,465 13,821 ± 2,337 395 539 ± 110 < 0.001 a Mean ± SD from 5min average data. b Estimated as difference between mean levels during FA and CAPs exposures. c Estimated effect of CAPs exposure ± SE from a linear mixed model controlling for dog as a fixed effect, weekwithin dog as a random effect, and firstorder autoregressive serially correlated errors over time within exposure group. software (Mathworks, Inc., Natick, MA, USA) to obtain 5-min averages for each outcome. Statistical analysis. Descriptive statistics for each dog were evaluated for exposure measures (CAPs mass and number concentration, black carbon concentration) and cardiovascular parameters (systolic, diastolic, mean, and pulse arterial pressure, heart rate, and rate-pressure product). We applied mixed-effects models to the 5-min averages for each cardiovascular parameter. In a first analysis applied to nonprazosin and prazosin exposures separately, we used a model containing CAPs as a binary variable to assess overall differences between CAPs and FA responses. In addition, to account for dog heterogeneity as well as day-to-day variability, the models contained dog and date as random effects. Thus, the model estimated within-day CAPs versus FA differences by comparing an individual dog's average response to that of its chambermate after adjusting for each animal's overall average response. The models also contained first-order autoregressive serially correlated errors to account for time series correlation within each dog exposure. This modeling strategy generally minimized the Akaike information criterion (Fitzmaurice et al. 2004 ) for most parameters. Robustness of the resulting inferences were verified by considering a second model that used empirical standard errors known to be less sensitive to the chosen covariance structure of the repeated measures (Venables and Ripley 1994) , as well as a third model that relaxed the first-order auto regressive assumption with a less restrictive banded Toeplitz structure of order 10. We assessed differences between CAPs effects during non prazosin versus prazosin exposure by applying the same model, but with a prazosin main effect and with exposure × prazosin interaction terms added. The effect of CAPs exposure on baroreceptor reflex sensitivity was assessed using a linear mixed-effects model with fixed effects for exposure type and a random intercept for each dog.
In a second analysis, we assessed doseresponse relationships using univariate analyses in which we fit the above repeatedmeasures regression model to each of the continuous measures, substituting the CAPs binary term with CAPs mass concentration, particle count, or black carbon integrated over the 5-hr exposure period.
Mixed model analyses were performed using PROC MIXED in SAS version 9 (SAS Institute Inc., Cary, NC, USA). All statistical tests are two-tailed, and p-values < 0.05 were considered statistically significant.
Results
To evaluate the effect of CAPs exposure on systemic hemodynamics, we repeatedly exposed 13 animals to either CAPs (n = 55 exposure days) or FA (n = 63 exposure days) in a crossover protocol. Linear mixed-effects models accounted for the unbalanced crossover experimental design as well as the correlation among the multiple measurements made within each animal. Animals did not exhibit observable behavioral differences during exposure to CAPs versus exposure to FA.
CAPs exposure was associated with statistically significant increases in systolic blood pressure, diastolic blood pressure, and mean arterial pressure compared with FA exposure (Table 2) . We observed the largest absolute effect for diastolic blood pressure, which increased by an average of 4.1 ± 0.8 mmHg (p < 0.001). CAPs exposure was also associated with a statistically significant increase in heart rate and rate-pressure product (Table 2 ). Figure 1 shows individual dog responses for diastolic blood pressure and rate-pressure product. CAPs exposure was associated with increased diastolic blood pressure in 9 of the 13 animals and with increased rate-pressure product in 10 of the 13 animals. Results from the two elderly animals were within the range of observed individual effects of the 11 younger animals.
In 10 of these dogs undergoing 20 FA exposures and 19 CAPs exposures, we assessed the effects of CAPs exposure on baroreceptor reflex function (Figure 2) . Overall, CAPs exposure significantly increased baroreceptor reflex sensitivity by 20 ± 6 msec/mmHg compared with FA (p = 0.005).
To evaluate the role of α-adrenergic receptors in the CAPs-induced pressure changes, we conducted additional experiments with prazosin, an α-adrenergic antagonist, in 8 of the original 13 animals (n = 15 FA exposures, 16 CAPs exposures). As expected, α-adrenergic blockade decreased average levels of systolic and diastolic blood pressure, mean arterial pressure, pulse pressure, and rate-pressure product. After prazosin administration, CAPs exposure was not associated with statistically significant changes in any hemodynamic parameter (Table 3) , but we had limited statistical power to detect effects of this magnitude in this sample. However, we observed significant CAPsby-prazosin interactions for pulse pressure, heart rate, and rate-pressure product (p < 0.02 for each), suggesting that α-adrenergic blockade modified the response to CAPs for these parameters. The CAPs-by-prazosin interaction was marginally significant (p = 0.062) for diastolic blood pressure and not significant for systolic blood pressure (p = 0.99).
CAPs characteristics. Daily CAPs fine mass concentration ranged from 94.1 to 1557.0 µg/m 3 (358.1 ± 306.7 µg/m 3 , mean ± SD), black carbon concentrations ranged from 1.3 to 32.0 µg/m 3 (7.5 ± 6.1 µg/m 3 ), and particle count concentrations ranged from 3,000 to 69,300 particles/cm 3 (18,230 ± 13.151 particles/cm 3 ). When included in the model as a covariate, CAPs mass, black carbon, and particle number concentrations were positively and significantly associated with each of the measured cardiovascular parameters except for pulse pressure (Table 4 ). Figure 3 shows estimated dose-response relationships 
Discussion
Our results suggest that acute inhalation exposure to CAPs increases arterial blood pressure in chronically instrumented canines. Changes in baroreceptor reflex sensitivity may have counteracted these changes, which are likely mediated by increased peripheral vascular resistance. Specifically, we observed that a) CAPs exposure increased systolic blood pressure, diastolic blood pressure, mean arterial pressure, heart rate, and rate-pressure product, and decreased pulse pressure; b) CAPs exposure significantly increased baroreceptor reflex sensitivity; and c) CAPs-related changes in pulse pressure, heart rate, and rate-pressure product were attenuated by the α-adrenergic antagonist prazosin. The finding that CAPs exposure was associated with increased arterial blood pressure changes is consistent with most (Auchincloss et al. 2008; Ibald-Mulli et al. 2001; Linn et al. 1999; Urch et al. 2005; Zanobetti et al. 2004) but not all (Harrabi et al. 2006; Ibald-Mulli et al. 2001 Linn et al. 1999; Urch et al. 2005; Zanobetti et al. 2004 ) human epidemiologic studies. The studies that found a positive association report magnitudes of arterial blood pressure changes similar to those we found in the present study. Moreover, the statistically significant increases in diastolic blood pressure Urch et al. (2005) observed in healthy adults after 2-hr laboratory exposure to CAPs and ozone are consistent with the short-latency effects seen in the present study.
We are aware of only two previous toxicologic studies evaluating the effect of ambient PM on arterial blood pressure. Cheng et al. (2003) studied three monocrotaline-treated rats and found that CAPs exposure was associated with significant reductions in mean arterial pressure and heart rate at 1-2 hr after the start of exposure. However, it is unclear if the investigators measured systemic or pulmonary arterial pressure. Furthermore, in their model of pulmonary hypertension and right ventricular hypertrophy, a decreased systemic arterial pressure is likely indicative of right heart failure. Subsequently, the same group studied four spontaneously hypertensive rats and found that CAPs exposure significantly increased mean arterial pressure in the spring but had no significant effect in the summer (Chang et al. 2004) .
S e v e r a l p h y s i o l o g i c m e c h a n i s m s may account for our findings. Changes in peripheral vascular resistance-mediated by neurohormonal activation or local metabolic factors such as nitric oxide (NO)-are important for acute blood pressure regulation. In the peripheral circulation, norepinephrine released from sympathetic nerves and circulating norepinephrine released from the adrenal medulla binds to α 1 adrenergic receptors and induces vasoconstriction. To test whether the CAPsinduced increases in blood pressure were mediated by neurohormonal activation, we pretreated some animals with prazosin, a selective α 1 adrenergic antagonist with minimal effects on cardiac function (Graham, 1984) . We found that CAPs exposure was associated with smaller, nonsignificant increases in arterial blood pressure in the presence of α-adrenergic blockade compared with untreated animals, suggesting that the observed effects of CAPs were due at least in part to α-adrenergic receptor activation and increases in peripheral vascular resistance. Our finding in untreated animals that CAPs exposure decreased pulse pressure in the context of preferential increases in diastolic blood pressure further supports the role of increased peripheral vascular resistance.
The above findings are consistent with the large body of toxicologic and epidemiologic literature indicating that exposure to ambient PM is associated with increased sympathetic nervous system activity. With that in mind, as well as the documented inverse relationship between circulating levels of cate cholamines and baroreceptor reflex sensitivity (Goldstein 1983) , our a priori hypothesis was that CAPs exposure would decrease the baroreflex response. Contrary to expectation, we found that CAPs exposure increased baroreceptor reflex sensitivity compared with FA. An increase in baroreceptor reflex sensitivity is consistent with an up-regulation of vagal reflexes (Schwartz et al. 1988) . In previous experiments in this animal model and using measures of heart rate variability, we have shown that CAPs exposure leads to increases in both sympathetic and parasympathetic autonomic tone, although relative parasympatho-excitation predominates (Godleski et al. 2000) . Therefore, air pollution-mediated hemodynamic changes may be attributable to phasic or tonic up-regulation of both sympathetic and parasympathetic tone, which may offset each other and account for the minimal change to heart rate that was observed. Alternatively, the increased baroreceptor reflex sensitivity that we observed may represent activation of a compensatory mechanism to restore arterial blood pressure toward preexposure levels.
Alterations in endothelial function and subsequent changes in vasomotor tone may have also played a role in the observed responses to CAPs. Indeed, plasma markers of endothelial cell activation, including von Willebrand factor, endothelin-1, and soluble intracellular adhesion molecule-1 (sICAM-1), have been associated with short-term exposure to PM in animals and/or humans (Ando et al. 2001; Barregard et al. 2006; Bouthillier et al. 1998; Liao et al. 2005; Peretz et al. 2008) . Also, reduced brachial artery diameter in response to a 2-hr exposure to CAPs and ozone (Brook et al. 2002) and decreased brachial artery reactivity associated with ambient PM (O'Neill et al. 2005 ) have been reported in humans. Finally, the observed results may also have been due to alterations in cardiac output, defined as the product of heart rate and stroke volume. In the present study, CAPs exposure was associated with increased heart rate and rate-pressure product, an index of cardiac metabolic demand, suggesting that changes in cardiac output may have also played a role in the observed responses. Studies with measures of cardiac output are needed to explore this hypothesis further.
The concentration and composition of ambient air pollution exhibited daily, weekly, and seasonal variability and were presumably influenced by traffic patterns as well as wind and weather patterns. The process of concentrating the particles increases these known variations more than 30-fold and allows the assessment of specific dose-response relationships. Because these experiments were typically performed between 0800 hours and 1430 hours each day and data were collected during all four seasons, the observed CAPs fine mass variability, was expected and was similar to values previously reported by our group (Godleski et al. 2000; Wellenius et al. 2003) . A strength of this experimental approach is that we exposed animals to elevated concentrations of real-world particles, so the results of our experiments may be interpreted as the response of dogs exposed to the same mix of particles to which Boston area residents are exposed on those days.
Several studies suggest that traffic-related pollution estimated by black carbon concentration or ultrafine PM concentration estimated by particle counts might be responsible for the observed associations between ambient PM levels and cardiovascular health effects. Likewise, we found an association between CAPs mass, black carbon, and particle count concentrations and all of the cardiovascular parameters except for pulse pressure. These results warrant further investigation of specific sources or constituents of ambient PM responsible for cardiovascular changes. Additionally, the effects of ambient PM on hemodynamics in other vascular beds, including the coronary circulation, are currently unknown and merit further investigation.
Although the absolute magnitude of the average change in blood pressure in response to CAPs may appear small (on the order of 2-4 mmHg), such an increase applied over time to a large population could have important public health consequences, as documented by results from multiple large prospective cohorts (Kannel et al. 2003) . Moreover, the average response necessarily obscures the underlying heterogeneity between the animals. As shown in Figure 1 , the hemodynamic response to CAPs exhibited considerable dog-to-dog variability. This heterogeneity may suggest that certain animals were more susceptible to the effects of CAPs. For example, the one dog that developed an anterior left ventricle infarct presented some of the largest increases in arterial blood pressure observed during the course of the study. Determining genetic or phenotypic correlates of susceptibility in humans and animals remains an important direction for future research. Whether pharmacologic intervention may attenuate air pollution-mediated hypertensive responses in humans, as it does in dogs, is unknown.
Strengths and limitations. The present study has several potential limitations. First, we did not directly measure cardiac output, total peripheral vascular resistance, or plasma levels of catecholamines. Thus, we based our conclusions regarding the effects of CAPs on these parameters on inferences, which need to be confirmed or refuted in subsequent experiments. Second, we did not continue hemodynamic recordings after the end of exposures, and thus, we do not know the duration of the observed effects. Third, upper-airway receptors in the nostrils, nasopharynx, and trachea may participate in respiratory and cardio vascular responses. In our canine model, inhalation exposure to CAPs occurs via a permanent tracheostomy (Bartoli et al. 2008) , which bypasses the nasopharynx and may exclude important pathophysiologic pathways, especially in canines, which rely heavily on olfactory senses. Fourth, we performed this study in healthy, female dogs. Although canines are an excellent cardiovascular model species for humans, species differences remain that limit direct extrapolation of these results to human populations. Moreover, whether the observed results are influenced by sex, age, or preexisting cardiovascular disease is unknown, although anecdotally, the one animal with a myocardial infarction exhibited some of the largest increases in arterial blood pressure. Notwithstanding these limitations, the present study has several strengths, including the use of a large animal model, a longitudinal repeated-measures study design, continuous high-fidelity blood pressure recordings, and inhalation exposure to real-world ambient PM at realistic concentrations.
The results of the present study suggest that statistically and clinically significant increases in diastolic blood pressure are associated with exposure to ambient urban PM, implicate peripheral vascular α-adrenergic receptors in the response, and provide evidence for a physio logic compensatory response. Clearly, additional studies are needed to fully elucidate the mechanisms underlying the observed effects and to determine the sources or constituents of ambient PM responsible for these effects. In particular, the role of β-adrenergic receptors and vasoactive compounds in these hemo dynamic responses remains uncertain.
